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ABSTRACT 

Physics learning studies demonstrate that students' 
pre^instructional world , knowledge is often logically antagonistic to 
thi principles of Newtonian mechanics taught in introductory physics 
courses. Under these conditions psychological theory predicts that 
learning will be inhibited/ a prediction consistent with both the 
experiences of physics teachers and the results of empirical 
investigation* Informed by cognitive research on problem solving, 
semantic memory, and knowledge acquisition, instruction has been 
designed to encourage the reconciliation of world knowledge and 
physics content among beginning physics students* These instructional 
objectives and strategies for mechanics insti^cJtxon-^re^dffif'ive3"~"£roin 

■ the analysis of the cognitive" states of un instructed students , 
novices, and experts, groups who differ with respect to: (1) the 
quantity and extent of formal mechanics instruction ; (2) experiences 
in solving mechanics problems; and (3) the extent of their verbal 

^interactions about mechanics. Illustrative procedures which employ 
the strategies (also useful for other subject-matter domains) are 
included. (Author/JN) 
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Cognitive Research and the Design 
of Science Instruction 

Audrey B, Champagne and Leopold E. Klopfer 
Learning Research sad Development Center 
Unxvctsity of Pittsburgh 

Richard F. Gunstonc 

Monash University 
Melbourne, Australia 

The utilization of cognitive psychological theory and findings from 
research to inform the design of instruction is illustrated in this paper* 
Fhyiies learning studies demonstrate thai students* prc-instructional world 
knowledge is often logically antagonistic to the principles of Newtonian 
mechanics taught m introduaory physics. Under these conditions 
psychological theory predicts due learning will be inhibited, a prediction 
consistent with both die experiences of physics teachers and the results of 
empirical investigation. Informed by cognitive research on problem selv* 
mg , semantic memory, and knowledge acquisition, instruction has been 
designed to encourage the reconciliation of world knowledge and physics 
content among beginning physics students. 



Most science textbooks on be cmicized bp drawin j 
attention id die tart. . char these booJa are 
chiefly concerned with the Jtarcmcna of rem la. 
LbuiUy the mofi general results are put near the - 
begmniiig of the textbook. A textbook is phytic* 
begun bf tdJiog About molecules and the censtmi- 
ypa of matte? @r grruif some of the mam eain* 
p*oJy fotmuJated Mtcnicna about the principle* 
of mechArric* , . *Thm degree of cmhuiiam of 
At of^sarf student for these tmreducyofU which 
he get* in die textbook! is very slight todeed .... 
Hie student, confronted by these verbal tddirioiu 
w his experience, gen men the habn of thinking of 
idencc « verbal additions to e xperi ence* and he 
iairhfuUf learns the *ordi and keeps them in store 
afainsi the time *hen the teacher demandi thenar 
Odd, 1915, pp. 954.336) 



Introduction 

One recent trend in cognitive psychology 
has increasingly focused die attention of 
researchers on learning tasJrj representative of 
those which students encounter in school in* 
struction (Grecno, 1 9*50). Developments such 
as this hold the promise of an improved 
rhcoreticaJ basis for instruction. A theoretically 
organized and systematically verified 
psychological foundation is an essentia] 
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requisite for effecting substantia] im- 
provements m instruction. H owever , the est* 
isrencc of such theory offers no guarantee that 
instruction systematically and veridicaUy incor- 
porating principles derived from the theory 
wUI be designed, A necessary condition for the 
systematic application of ^ theory to instruc- 
tional practke is a science of design as 
. .a body of intellectually tough, analytic, 
partly formaiizable* partiy empirical, technical 
doctrine about the design process (Simon. 
1961, p. 132)-" Only when a science of in- 
strucxional design exists will the design process 
cease to hide behind the cloak of "judgment** 
or "earperieaeei** 

This arade is motivated by the need to 
sake explicit the design process as it applies to 
the design of instruction, explicit description 
of the process being a necessary first step in the 
development of a science of instructional 
design. We describe how we have applied die 
theory and empirical findings of cognitive 
psychology to devise a course of action aimed 
at changing an existing situation into a desired 
one (Simon, 19#1* p. 129)- Specifically, the- 
course of action is the instruction, the existing 
situation is "the cognitive state of the 
uninstructed student, and die desired situa* 
don is a student 9 ! cognitive Kate that approx- 
imates specified features characteristic: of the 
cognitive state of an expen in die field (the 
^Weal state). . 
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The design process to be explicated in this 
article represents an alternative approach to 
die design of instruction. Central to this pro- 
cess is the analysis of customary instructional 
tasks for the purpose of specifying the underly- e 
ing cognitive processes and structures that are* 
necessary fo? the successful completion of the 
taik, The specification of these processes and 
structures for a variety of school subject-matter 
domains represents an important pan of the 
recent empirical findings of cognitive science 
research. TfaUf if detailed process and struc- 
ture desdip^uoos appear to be helpful in 
designing umr^iction m physics (as we intend 
to deraonstfite), they should also be helpful in 
designing instruction in otter domains.^ 

We begin by , describing the practical 
ref evmnce of the instructional problem that in- , 
tercets us, namely, student difficulties in the, 
learning of classical Newtonian mechanics. 



The Irmructsonal Problem 

There is a general agreement among physics 
instructors and students that mechanics is dif- 
ficult to teach and to learn (Koiody, 1977), 
Students 'have difficulty comprehending 
classical mechanics, and physics instructors 
often express disappointment with the out- 
come of their efforts to instruct students ' in 
classical mechanics. This instructional problem 
has been discussed at length in the literature of 
physics education where various underlying 
causal factors contributing to the problem have 
been suggested (Gerson Sc Primrose, 1977; 
Halley & Eaton, 1974; Hudson & Mclnrire, 
1977). Two distinct perspectives on diss learn- 
ing problem are identifiable. * . 

One perspective assumes that learning dif- 
ficulties occur when the learner* is deficient in 
skills which are assumed to be prerequisite to 
the study of physics (e.g,. Arons, 1976; 
Refiner. Grant* & Sutherland, 1978), The 
other perspective links the observed learning 
difficulties with the fact that students coming 
to introductory physics courses have firmly 
embedded conceptualisations of how and why 
objects move, and that these conceptualiza- 
tions are in clear conflict with the canonical 
view of that subject-matter domain which the 
student will be required to learn. One Une r of 
science education research and psychological 
research on, semantic memory is particularly 
reliant to the second perspective. 



Research Background 



pre -instructional Knowledge md Students * 
Interpretation of Instruction 

The research we examine furnishes a context 
for describing the existing situation, - the 
uninstructed student's cognitive state, and 
distinguishing it from rile desired situation. 
Various empirical studies conducted by science 
educators (including Brumby, in press; Driver, 
1973; Driver & Easiey. 1978; Heshner, 1963; 
Gunstone it White, 1981; Leboutet )3arrcll, 
1976; Rowell Sc Daw on, 1977; Singer & 
Benassi, 19S1; Viennoc, 1979) and 
psyeholog nts (including Clement, 1979* 
Green, McCloskey Jt Caramazza. 1980; 
Selmas, Jaquette, Krupa, & Stone, in press) 
demonstrate that, for several science content 
areas: 

- .' ( * * \ 

1. Students have descriptive and ex- 
planatory systems for scientific phenomena 
mat develop before they experience forma] " 
study of die subject, 

2: These descriptive and explanatory 
systems differ in significant ways from those 
the students are expected to learn as the 
result of formal study. 

3. These alternative conceptual systems 
show remarkable consistency across diverse 
populations, 

4: These alternative conceptual systems are 
remarkably resistant to change by exposure 
to traditional instructional methods. 

S, These alternative conceptual systems are 
not faciUtauve to the learning process, 
Students interpret instructional events (for 
example, experiments and expository text) 
in the context of the conceptual scheme 
they currently hold, not the one that the ex- 
periments or the text are designed to 
convey. 

These effects are particularly striking in the 
context of mechanics where prior to formal 
instruction young people and kdulcs have a 
conception of motion that is more 
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/ .^.['.iiist'A* than Newtonian (Champagne, 
* pfer *jletm©n, £ Cahn, 1980; Clement, 
P'wer, 1973; Driver & lasley, 1978; 
Lctausct- BarreU, 1976; Shger & Benassi, 
i9fi A* T * ieiuiot. 1980), Other research findings 
4i<? w *Jiat remnants of die Arisrotelian concep- 
ric persist with many 4 'successful* ' physics 
w^enu, that U» with students receiving high 
gmdm m mtroduetory physic courses (Cham- 
pjagne, KJopfer <3c Anderson, 1980; Gunstone 
i White, 1981). This research provides em- 
pirical support for what physics teachers have 
long observed, namely, that traditional in- 
struction does not facilitate an appropriate 
reconciliation of prcinstrucuonal knowledge 
with the content of instrucrion* (Ausuhel, 
Novak, <5c Hanesian, 1978), 

A study by Leboutet-BarreJJ (1976) indicates 
mat high school and college students have 
misconceptions about forre and motion which 
persist despite instruction. The misconceptions 
arc described as pre-GaJilean, In a study by 
Cole and Raven (1969) with 12 to 15 year-olds, 
it was necessary to give the students "oppor- 
tunities to reject, irrelevant factors in 
understanding* t^e principle of flotation,'' 
Rowel] and Dawson (1977) also explicitly con- 
sidered common misconceptions when design- 
ing instruction orj the law of floating. Despite 
effbro to refute misconceptions in instruction, 
some misconceptions persisted. Instructional 
work by Fleshner (1963) in the Soviet Union 
"indicates that students' intuitive ideas may co- 
exist with ideas derived from instruction* In a 
study by Driver (1973), 11 and 12 year-old 
students were interviewed prior to* during, 
and after instruction on several topics of a 
physical science course. Although alternative 
theoretical frameworks to explain observations 
were introduced to the students and used dur- 
ing the instruction. Driver reports that 
counter-examples and conflicting evidence did 
not produce changes in students' thinking. 

Our own work (Champagne, KJopfer, Sc 
Anderson, 1980: Champagne, Klopfer, 
Solomon. & Cahn, 1980) has demonstrated 
that prior knowledge affects students' com- 
prehension of science instruction. We have 
been particularly ioterested in the difficulty 
that beginning physics students have in learn- 
ing classical mechanics. Our research has 
demonstrated that it is not the students' lack 
of prior knowledge which makes the learning 
of thJs topic so difficult, rather their con- 
flicting knowiedge. They come to instruction 
with well-formed notions about the motion of 5 



objects — notions that have been reinforced by 
their experiences! However, their notions may 
stand in contradiction to the tenets of classical 
physics, and these notions tend to interfere 
with or inhibit the learning of mechanics* This 
research demonstrates specific ways in which 
students* conceptions influence (a) their 
understanding of science? texts and fectures, (b) 
their observations, and (c) their interpretations 
of their observations. Often the influence of 
die students* conceptions is to inhibit their 
understanding or distort their observations and 
interpretations of experiments. 

Other research (Champagne, Klopfer, & 
Anderson, 1980) demonstrates that the belief 
in the proposition, heavier objects fall faster 
than lighter objects, is not readily changed by 
instruction, thus demonstrating tie strong in- 
fluence that prior knowledge has on the effec- 
tiveness of instruction = in this case the prior 
knowledge having ah inJiibiung effect on lear- 
ning. In a study of beginning college physics 
students, about four students in five believed 
that, all other things being equal, heavier ob- 
jects faU faster than lighter ones, Tiese results 
were particularly surprising since about 70% of 
die students in the sample had studied high 
school physics, some for two years, A chi- 
square test showed that students in the sample 
who had studied high school physics did not 
score significantly better than those who had 
not. This finding has been repUcated in 
follow-up studies, 

In a report of a similar study of the 
knowledge of gravity possessed by beginning 
first-year physics students at Monash Universi- 
ty, all of whom had successfully completed tv;o 
years of high school physics, Gunstone & 
White (1981) coneiudei (a) ,# \ , , students 
know a let of physics but do net relate it to the 
everyday world;" and (b) "In many instances 
the students used mathematical equations to 



'Aristotle considered rest m be the natural stiff of oh* 
jects. In the absence of any cause, an object does not mo*e - 
03 aversely, when in abject is moving, it muss have been 
eausrd, usually by s face. Aristotle also argued thai the 
tpttd of an object is directly proportional to the force ac* 
uog on k. and inversely proportional is the m%m%mn of 
die medium through which the object is moving In ehe 
Newtonian physics af today, re is stated thai an object will 
continue in it* skiflg state { either at rest ar moving with 
consta.it speed in a straight Uriel wnless a is acted an by a 
met farce, Hu? *ct*Ur*nan of the object is directly prapar * 
uo&af to this net force and inversely proportionaJ re the 
mass of the object, 
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explain predictions, though often inap- 
propriately, whkh indicates that they had lots 
of physics knowledge to hand [jpj bus wen 
unskilled in seeing which bit applied to the 
given situation (p. 299)." In their conclusions, _____ . 
Gunnonc and White note that ** . , . much 
mare attention may have to be given to in- 
tegrating the knowledge acquired is school to 
general knowledge (p, 298)/ 9 

The difficulty k compounded by the fact 
that many of the te rr a s used in classical 
mechanics are also used in everyday life — 
terms such as acceleration, momentum* speed, 
and force. The m^sisp of these teams as used 
by physicists are quite different from the way 
in which they are used in everyday life. Thus, 
we abserve that students misinterpret 
mechanics instruction because they interpret 
physics lectures and textbooks in the context of 
their everyday understanding of the terms 
rather than in the way in which the teacher or 
text is using she terms. 

Theoretical analysis. These descriptions of 
the mtcjactrve effects of knowledge on 
understanding are consistent with findings 
emerging from cognitive psychology mat 
demonstrates the impact of existing knowledge 
in m&*&ty on the comprehension of text 
(Anderson, Reynolds, SchaUert, £ Goeta, 
1977; Bmnsford U MeCarreil, 1974; Lindsay £ 
Norman. 1972), This research demonstrates 
that all incoming stimuli which are 
remembered are subject to reorganization by 
the learner. The incoming stimuli are primar- 
ily restructured by the learner in terras of the 
learner's own past experiences, and only secon- 
darily is terms of the organizing principles of 
the material itself. In instructional situations 
generally, students engage in active, mem* 
ingfiil structuring of text they read and lectures 
they heir in order to remember and under* 
stand incoming information. 

Cognitive psychologists have studied ways in 
which prior semantic knowledge influences 
comprehension of verbal materials. The early 
studies in the area of reading comprehension 
aimed at demonstrating that something other 
than the linguistic structufejrf a sentence is re* 
quired to explain a person's comprehension of 
that sentence. The * 'something other" is 
described as the person^ world knowledge md 
is ofiw sharaetemed as a=*^ schema, ; V_*p|an i " 
or "script. 3 * Bransford and MeGarreU (1974) 
review studies which indicate fhat the process 
of understanding text involves creation of 



* 'semantic descriptions 0 that use bath the 
reader's world knowledge and the -sentence in* 
put* la this research, the contexts for inter* 
pretadon of text either were common world 
kno wled ge or were induced by the expert* 
menter. Anderson et ah (1977) indicate- that 
an individual's "private** representation of 
the world can affect text comprehension. In 
general, studies of text comprehension 
mdicat€ the facilicative effect of schemata or 
world knowledge* However, studies of physics 
learning indicate mat world knowledge is 
logically antagonistic to the content to be 
learned and often persists after physics 
instruction. 

Cognitive Contents q/ UninsirueiureJ 
Pkjsm Students* Cognitive State. 

From our analysis of empirical studies in- 
vestigating students' preinstruciionai concep- 
rions of the motion of ©ojeets, we conclude 
that the following are characteristic of the con* 
tents of the cognitive st^ce of uninstructcd 
physics students: 

1U Concepts are poorly differentiated. For 
example, students use the terms speed, 
velocity, and acceleration interchangeably: 
thus* rile typical student does not perceive 
any difference between two propositions 
such as theses (a) the speed of an object is 
proportional to the [net] force on the ob* 
jectt (b) The acceleration of an object is pro* 
pofrionaJ to the [net] force on the object, 

2. Meanings physicists attribute to terms 
are, different from the everyday meanings 
attributed to the terms, 

3. Propositions are imprecise and the im- 
precision derives from several different 
sources. 

(a) Some of the imprecision of proposi- 
tions is attributable to the meanings .. 

, students have for technical concepts 
which are different from the canonical 
meaning, Example: More force means 
more speed. 

(b) Other imprecision can be interpreted 
as errors of scale (Gunstone & White, 
198 f). Example: Gravity pulls harder on 
objects that are closer to the earth, (This 

. proposition, in the context of in object 
, falling a distance of three meters* is cor* 
r rect only in theory besauje_^e d^fcrence 
in me force of gravity (approximately^ 
1 part in IQ' U ) is too small to measure, 
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If, however, the dffmei in distance 
from the earth ware large (several hun- 
dred kilometers), the difference in the 
force of gravity is significant*) 

(c) Orher prorvMirinn< 3n* jmg wr r.ng 

may arise became of students' attempt 
to inappropriately formulate general 
rules of motion from their experiences in 
die real world. Example: Heavy objecis 
fail raster than lighter objects. 



Implications fir instruction. Research 
reviewed in this section demesfamtes that the 
cognitive contents of the un instructed student 
differs from the desired state with respect to 
propositions and the meaning of concept. 
Uninstructed students apply ptopositions that 
link force with motion, whereas Newtonian 
mechanics links force with change in motion. 
Moreover, the meaning uninstruetcd student 
attribute to technical terminology is different 
from the technical meaning. For example, the 
technical meaning of acceleration is a change 
in the magnitude of velocity qr direction of 
velocity of an object, while the meaning 
urnnstructed students attribute to acceleration 
is speeding up. 

Application of the Simon paradigm to the 
design process requires detailed specification 
of thr meaning concepts have for the 
uninstructed person and die principles that 
uninstructed persons apply in the analysis of 
motion, Such specifications are prerequisite to 
the process of specifying the goals of instruc- 
tion, and they allow for the generation of 
hyporjieses about why certain instructional 
practices itre not successful, and (b) the con* 
strucrion of possible mechanisms that will 
resu'v in the desired changes in the learners* 
cognitive state. 

Differences^ Hike those described above bet- 
ween the uninstructed learners' cognitive state 
and the desired cognitive state provide clear 
specifications of changes . instruction should 
produce. The instructional goal, then, is to 
bring about the specified changes m die 
learners* cognitive state. We hypothesize that 
the observed differences between the 
uninstructed and desired cognitive states result 
in certain of the .difficulties that students ex- 
perience in learning mechanics, an interpreta- 
tion that is consistent with cognitive theory. 
We further hypothesize that the observed in* 
teracrive ^effects of prior knowledge and; in* 
struction may be m^re^^Mnounced^ for 
mechanics than for other subjects. 



The development of practical principles of 
motion is necessary for coping with the moving 
objects that are encountered in daily life. 
Thus, ail students begin the formal study of 
_ mc<hanics wit h an cxper icntially verified set of 
principles that allow them to predict the mo* 
don of objects under the cpndirions prevalent 
-in the real world. In addition, the same words 
that are used to describe and explain morion in 
everyday language also are used by physicists. 

Contrast this siruarion with thcrmodyaamics 
or chemistry where the words used for 
technical concepts are not a part of everyday 
language (mole, enthalpy, entropy) and where 
principles need not be developed to cope with 
frequently encountered situations. In these 
and similar subject areas, traditional expository 
instruction is more successful. However, in 
mechanics, instructional strategies need to be 
applied that can make students aware of dif- 
ferences between their everyday meanings of 
words and principles of morion and those of 
the instructioa. 

Before - presenting detailed hypotheses 
related to strategies which wUf produce the 
desired changes in the cognitive contents of 
uninstructed students, other relevant 
characteristics of the learners* cognitive state 
wiU be described. 



Structural and Representational Features 
of Physics Knowledge and Physics 
Prohlem Solving Strategies 

The preceding analysis focused on the ex- 
tents of memory — propositions and meaning 
of concepts — and hypothesized how students 
interpretation of instruction — understanding 
of lectures, test and experiments = is in* 
fluenced by significant differences between the 
subject matter to be learned and the students' 
cognitive contents* This section focuses on the 
organization of the contents of memory: its 
structural features and modes of represent a* 
don; the, differences between the structural 
organization and representations of expert 
physicists, novices and uninstructed physics 
students; and the implications of these dif- 
ferences for physics instruction. 

Descriptions of the structural features and 
representations of physics knowledge derive 
principally from research' on physics problem 
solving, Researchers in the domain of problem 
solving are. concerjned with both the strategies 
and structures that problem ^solveff ^are- 
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observed to apply in the successful solution of 
problems (e.g., Greeno, 1978: Newell Jc 
Simon. 1972), Wc shall review, in rum, the 
pertinent research findings on structural 
organization and problem solving strategics. 

Structural organization- and representation. 
Research on physics problem solving provides 
descriptions of the structural organizations and 
representations characteristic of expert and 
novice problem solvers. The solution of physics 
problems requires both the availability of pro* 
biers solving strategies and the understanding 
of physical situations which are observed ■ 
directly or described in the text of the pro- 
blem. Current theories of semantic memory 
and natural language understanding (Ander* 
son, 1976* Anderson et aL, 1977; Bransford & 
MeCarrcll. 1975; Kintsch, 1974; Lindsay & 
Norman, 1972: Norman Sc Rumcihan, 1975: 
Quillian, 1968; Schank, 1972; Winograd, 
1972) tie the existence of relevant schemata to 
the process of making inferences arid coming 
to understand a situation. 

In tie context of physics, understanding im- 
plies (a) the construction of mental representa- 
donsJof physical situations that include the ob- 
jects that are a part of tie physical situation, 
(b) the concepts and scientific principles that 
are relevant to the situation* and (c) the tela* 
rionships that exist between objects, concepts 
and principles (Winograd, 1972), Essential to 
the conscrucrion of a mental representation is 
the process of inference. Making valid in- 
ferences is dependent on schemata that are 
relevant, correct and complete. Thus, 
understanding physical situations as physicists 
understand them requires both that the rele- 
vant schema is present and that the features of 
the physical situation evoke the schema. 

Recent work by Chi, Feltovich, and Glaser 
(19S1) describes the following explicit dif- 
ferences in schemata of experts and novices: (a) 
The schemata of experts are based on physical 
principles (for example, energy conservation 
and Newton's Second Law)/ but the schemata , 
of novices are based on physical objects (for ex- 
ample, springs and inclined planes) and men- 
tal constructs (for example, friction and gravi- 
ty), (b) The contents of the schemata of experts 
and novices do not differ significantly in infor- 
mation content: however, the novices 9 struc- 
tures lack important relations, specifically rela- 
tions between , the surface features of the pro- 
blem and the scientific principles which are the 
basis for . solutions., (c) E xperts translate 



surface features of the problems into canonical 
objects, states^ and constructs, while tie 
novices represent the problem in terms of the 
literal objects and constructs described in the 
text of tie problem, (d) Links exist in the ex- 
perts' representations of knowledge* structures 
between the abstract representation of features 
of the problems and the physical principles 
which are the basis for the solution of tie pro- 
blem, (e) Experts' schema are organized 
hierarchically along the dimension of abstract- 
ness; in contrail, the different levels of the 
novices ' knowledge are not well integrated, 
thus preventing easy access from one level of 
abstraction to another. 

Research conducted by science educators pro* ■ 
vides descriptions of the organization arjd rep* 
resencations of mechanics knowledge (motion- 
oAobjeers schemata) m urunstrueted students, 
Modon^f-objects schemata of urunstrueted 
students are situation-specific, thus suggesting 
that no naive abstract representation is extant in 
rie schemata to make them appear to be ap- 
plicable to a large number of physical situations 
(Gunstone. 1910), 

This last„ characteristic was exemplified isz 
our work with middle-school students (Cham- 
pagne, Klopfer, Soloman, *Sc Cahn. 1980). We 
have observed that, given four physical situa- 
tions* all of which could be explained by using 
Newton's Second law (fm ma), students never 
give any indication that they perceive that a 
common explanatory system might be applied 
ro all four of the situations. In fact, they never 
notice that a proposition they have used to ex- 
plain the motion in one of the situations is 
directly contradicted by a proposition they use 
to explain the motion in another situation. 
This failure to see the contradiction suggests 
that they are unaware of any need for con- 
sistency across situations. For example, 
students do not recognize that the same 
physical laws apply to objects in free fall and to 
objects sliding down an inclined plane. At one 
point during a class discussion, for example, 
students agreed that two carts of unequal 
mass, but equal volume* would strike the 
ground at approximately the same time when 
dropped from the same height. When they 
were asked to compare the tunes for the cans 
to slide down an incline, however, only one of 
them argued mat the times would be about 
tie same. 

Problem solving strategies of experts and 
names* Cognitive research on problem solv- 
ing has generated ; detailed specifications of 
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problem solving strategics for many categories of 
problems (Greeno, 1978; Newell & Simon, 
1972; iatkm. Note 1). One finding from mis . 
ieseareh that is particularly pertinent to the in* 
muamm we propose is reported by Larkin. Her 
analyse* sf thinking-aloud protocol indicate that 
expert physicists .perform a preliminary 
quaBrative analysis before proposing equations 
for the quantitative solution of the problem. In 
concrast, novices irnrnediately begin the search 
for aa equation and proceed to match the 
information presented in the problem wjds terms 
—in the cquatibri^ 

Given mat die beginning students' ex- 
planatory schemata are so situarion-speeific, it is 
hardly surprising that their problem solving 
strategy is similarly bound to the perceived sitya- 
dons. The students" main strategy .for solving 
motion*of*objees problems is to try to' recall a 
rule of relationship which they believe to be ap- 
plicable to the specific situation at hand. Rarely, 
if ever, is there any evidence that the beginning 
students are aware of general problem solving 
strategies, related to general physical principles or 
laws* which are applicable across many situations* 



Differences m Structure and their 
Instructional Implications 

impirieaily*defived descriptions of the 
. characteristics of the schemata of uninstrucrcd * 
students, novices, and experts are summarized in 
Table 1, This summary jnakes evident the con- 
trasts and similarities in the characteristics of die 
three groups' schemata with respect to principles, 
surface features, and second-order features, each 
of ivhkh is briefly explained in the first column. 
Also summarized in Table 1 are descriptions of 
the problem solving suaieg ies for eacfa group. 

Precise descriptions of me diBtfpsces m the 
organization and representation of use physics 
knowledge of individuals at d ifferen t levels 
ef competence provide a farther basis for the 
specification pf the goal and Objectives for begin* 
. ning mechanics instruction ancj allow us to 
generate hypotheses about (a) how current in- 
strucuonal practice may impede die anainmcnt 
-of the goal and (b) alternative instructional 
mechanisms that will facilitate the attainment of 
the objectives, * ■ - 

Contrasting die problem solving strategics and 
organization of the mechanics knowledge of cm- 
pens, novices and uninstructed students 
yields the following goal for beginning 



mechanics instruction: Development of a well in- 
tegrated mouon-of-dbjera schema that is 
organized in a way that produces (a) the solution 
of mechanics problems via the method of 
qualitative analysis and (b) die analysis of the 
motion of objects in the real world using the 
tenets, of Newtonian mechanics/ The detailed 
specifications of the meehanicj knowledge 
. organization to be accomplished as the result of 
instruction conaltute the mstrucaooal objectives 
subsumed under the' goal. 

Empirical evidence demonstrates that eurrest 
instructional practice does not facilitate the at* 
oinment of ideattfled goaL Seudene generally 
do not learn to relate* their mechanics knowledge 
to real situations "as the result of either high 
school or beginning college physics Irissuetion, 
lased on acursory analysis, of physics tsts and 
oux knowledge of physics instruction, we corr- 
clude mat preliminary quahtative analysis of 
physics problems is seldom if ever taught %2 
plkitry* In fact, problem •solving instruction in 
physics textbooks makes no attempt to -link the 
physical features, of the real-world situations 
described .is physics to the abstract concepts and 
principles of the Newtonian framework, ■ * 5 

Physics tern teach ,the problem solution - 
strategy that novices typically use. The first nep 
in sample solutions is die presentation of the 
equation that will yield a quantitative solution to 
me problem, There is no attempt to instruct the 
student in the expert physicists' analytic pro- ' 
cedures which result in abstract representations of 
physical situations in terms of abstract concepts. . 
These concepts are vital betau§e they in turn can 
be linked to principles of laws rf mechanics and 
formal expressions of the principle or law (for* 
muJas) which can then be applied to reach a 
quantitative solution of the problem, 
■ The traditional practice is counterproductive 
in two respects: (a) It teaches a problem solution 
strategy that does not approximate the-straie%y 
exemplified by the ideal state, and (b) It does npt 
encourage the development of links in cognitive 
structure between reaj-worid situations and the 
abstract representations of physical situations that 
characterize the to*be-apj|p3amated schemata. 

Experiences contributing to the expert's 
cognitive state. An interesting theoretical ques- 
tion, with implications for both practice and 
theory* should now be posed: In the^absence of 
direet instruction, how do experts come to 
develop the qualitative analysis strategy and the 
conceptual liab,berween physical situations and 
the appropriate abstract representations? 
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Table \ 

Pfoklm Solving Sit 


itqiei mi khtmti 0/ Vmitmui lluimu Novim, mi Exptrti 




PROBLEM SOLVING STRATEGIES ' 




UNINSTRUCTEO 
STUDENTS 


The typical procedure for wiving problemi It (0 find 1 ganaril ruli which appears to cover ihi physical situation di< 
peribed in the problem, ind then to ust the relationship described In the identified full deductively to derive in answer 
to tin problem. Rule; to be employed in (hii process may be receded (ram iMptfleneei with similar phyilcal situations, , 
Oi they may be recollections of authoritative statement; from book) or people, ■ • 




NOVICES 
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through a series of equations. Abstracted solution mfithodt an lickings 




EXPERTS 


Associated with (ha organizing ichema hi In tpeeific conditions of applicability and iha necessary problem solution 
meihodt. Experts abstract a basic solution strategy from the surface features of the problem and engage in qualitative 
atolytii of the problem prior to determining e quantitative solution, , ■ 
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FEATURES OF 
SCHEMATA 



CHARACTERISTICS OF 
UNINSTRUCTEO STUDENTS 1 
SCHEMATA 



CHARACTERISTICS OF 
NOVICES 1 SCHEMATA 



CHARACTERISTICS^ 
EXPERTS' SCHEMATA 



PRINCIPLES 
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principles iff applied to solving 
problems; can serve lo organize 



lies ire 

derived from everyday txper< 
lincii (world knowledge), They 
ire imprfElie propositions. The 
Imprecision li due is vagueness 
about the meaning of concepts, 
errori of icale fl ind inflppropriiie 
formulitlont of peril rules. 
The principles (rules) have 
limited scop* and tend to he 
sltuatloM'pedflc. The notion 
that an abstract principle can 
apply to a range of different 
physical slluallons li lading or 
poorly developed Jhenippeari 
to be no awareness of the need 
for consistency along the rules 
that cover different physical 
situations* 



Principles ere relationships 
between phyilcil variables e* 
pressed as equations or fulls. 
Some'of the principles'iri the 
major physical laps expressed In 
equation form, hut there Is no 
evidence that they serve as 
organiiersofschifliati 



Principles ire major phy?ical 
laws, which are highly abstract 
ind eipresi releilonships of 
greet generality, included with 
each principle arejhe condltkiftfi 
under" which the prlflflpje ep< 
plies, Eich principle his fn 
associated idhinie, , which Is 
oriented by the content and ip* 
conditions of the 
1 The applicability can* 
dllions usually ire expressed hi 
terms of sacbn^^rder fsiiures, 
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For the purpose of our discussion, we con- 
sider three factor! that differentiaie the ex- 
periences of experts from the experiences of 
novice; these are: (a) additional formal in- 
struction, (b) more extensive practice in solv- 
ing problems, and (c) more extensive verbal in- 
i-ractions about physics. The Chi et al. (1981) 
study sugg ests char "the contents of novices* 
das structures for particular types of physics 
problems are similar to those of experts with 
respect to objects, concept, and terms; 
however, experts* data structures contain many 
more linkages, The more extensive data base, 
which eipem acquire as a result of their 
greater exposure "to formal Irmruction, is nor 
necessary for the successful solution of prob- 
blcms of the type on which the analysis of 
expert- novice differences is based. However, 
the additional links in experts' knowledge 
structures are necessary for the successful and 
efficient solution of mechanics problems, 

We hypothesize that these links develop as a 
result of extensive practice in problem solving 
and that their development is facilitated by 
verbal interaction. The professional activities 
of physics experts require either verbal interae- 
dons with others or the organization of physics 
information for the purpose of communicating 
it to others. We hypothesize that this type of 
experience is important to schema change 
because the individual must make explicit the 
meaning attributed to technical terminology 
and the rules for applications of proposition 
and principles. 

This analysis le?ds us to hypothesize that 
providing beginning students with oppor- 
tunities to engage in the quantitative analysis 
of physics problems will facilitate the develop- 
ment of physics knowledge organized in ways 
that approximate that of the organization of a 
physics exDert. Our selection of this instrue* 
tional strategy to attain this goal is based on 
the recognition that: (a) The cognitive objec- 
tives of beginning - mechanics instruction 
should approximate the skills and knowledge 
applied by experts m the solution of mechanics 
problems; (b) Explicit instruction in the 
knowledge and skills required for successful 
novice performance is not now a part of physics 
instruction; and (c) Pari of such instruction 
must focus on producing a schema change in 
students which results in the incorporation and 
integration of mechanics principles and Inter- 
pretations of real*worId phenomena. 

We hypothesize that providing learners with 
opportunities for verbal interactions will 



facilitate the development of correct usage of 
technical vocabulary and help students become 
aware of the principles they apply in the 
analysis of physical situations and how their 
principles are different from those being 
taught. This hypothesis is consistent with 
cognitive theory of schema change. 

Schema change theory. The processes by 
which existing schemata are modified are just 
beginning to- be -understood -(Grceoov-1-930).- 
Information processing models of schema 
development generally have not gone beyond 
the level of describing stages. Nonetheless, 
several valuable ideas concerning the develop- 
ment of schemata and suggestions for modify- 
ing schemata have been offered. 

Two principal mechanisms for schema 
modification have been discussed by 
Rumelhart and Ortony (1977). Each 
mechanism is, in a sense, the antithesis of the 
other. Specialization occurs in a schema when 
one or more of its variables are fixed to form a 
less abstract schema. Conversely, generaliza- 
tion occurs in a schema when some fixed por- 
tion is replaced by a variable to form a more 
abstract schema. The . generalization 
mechanism can be applied in a motion*of- 
objects_schema, * 

Hie typical uninstrueted student has the 
motion schema: A push pfqafuces motion. As a 
result of appropriate instructional experiences, 
the student's motion schema could become: A 
force produces acceleration. The fused portion, 
push, tn the initial schema has been replaced 
by a more general variable, force, which can 
take on several values in addition to push. 
Similarly, the general variable, acceleration* 
which can have different values, has replaced 
the initial schema's fixed portion, motion. The 
modified schema is considerably more abstract 
and, hence, should have a much broader range 

of applicability. 

The hypothesized generalization mecha- 
nism only describes the changes and is. in fact, 1 
not a mechanism for producing them. If, as 
Rumelhart and Ortony (1977) imply, the gen- 
eralization mechanism is a mechanism for pro- 
ducing change, a reasonable implication is that 
the modification of the moti©n*of-objeets 
schema might be accomplished quite simply 
by describing to students the needed modifica- 
tions in definitions of terms and restating sim- 
ple propositions. Empirical evidence on 
mechanics learning demonstrates that thy in- 
structional strategy is not generally effective 
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and suggests that, while the gradual modifjea- 
□on of schemata doubtlessly involves general^ 
ization and speeialization , in highly integrated 
schemata mare dramatic changes, amounting 
essentially to a shift to a new paradigm (in 
Kuhn's [1962] tense), musi also take place. 

To bring about schema change on such a 
large scale, a dialectical process appears to be 
necessary. Riegel (1973) points out that the 
thinking of both adults and children is dialec- 
tical, and he proposes that dialectics is "the 
transformational key*.' in cognicivt; develops 
ment* Anderson (1977) suggests that 
the likelihood of schema change U maximized 
when a person recognizes a difficulty in his 
current position and comes to see that the dif* 
fieulty on be handled within a different 
schema (p. 427)." 

As the mechanism for promoting dialectics 
in the classroom, Anderson advocates the use 
of a Socratic teaching method. By participating 
in £he dialogues which occur in Socratie 
teaching, the student is forced to deal with 
counterexamples to proposals and to face con- 
tradictions in his or her ideas. To overcome the 
attacks of adversaries in the dialogues, the stu- 
dent must construct a new framework of ideas 
that will stand up to criticism. The newly con- 
stnicted framework is, of course, a new 
schema, so it may be said that schema change 
has occurred as a result of the student's par- 
ticipation in the dialogues. 

'Instructional Issues 

Specification of Instructional 
Qkjectipes and Strategies on tSe 
Basil of Cognitive Analysis 

Table 2 summarizes instructional objectives 
and strategies for mechanics instruction deriv* 
ed from the analysis of the cognitive states of 
uninstructed students, novices, and experts, 
groups who differ with respect to (a) the quan- 
tity and extent of formal mechanics instrue- 
don, (b) experience in solving mechanics pro- 
blems, and (c) the extent of their verbal in- 
teractions about mechanics. 

Objectives* The objectives presented in 
Table 2 are based 00 the analysis of contrasting 
cognitive states and represent the first in a 
series of steps in the detailed spedfieation 
of instructional objectives. These objectives 
specify features of the ideal state which the 



learner will approximate but do nor detail how 
far the learner wU! move along the continuum 
from beginning student to expert as the result 
of a particular course or sequence of instruc- 
rion. Further refinement of the objective for a 
certain mstrucrionai sequence must take into 
account many other factors, including the con- 
tent the instruction will cover, the time avail- 
able for instruction, and the age and academic 
aptitude of the students for whom the mstrue- 
son is intended. However, the analysis here il- 
lustrates one important principle employed in 
the cognitive approach to design. That princi- 
ple is the comparison of the cognitive states of 
individuals at different levels of competence 
(Greeno, 1976), Furthermore, the design re- 
quires that the initial specification of objec- 
tives be based on the cognitive features that 
distinguish the learner for whom' the instruc- 
tion is designed from individuals competent in 
the field, 

An observation worthy of comment is the 
difference between these objectives based on 
cognitive analysis and objectives that derive 
from the logical analysis of the subject matter 
or from the identification of to^be-learned 
behaviors- Objectives derived from these two 
processes are deficient in at least two respects. 
First* cognitive analysis identifies significant 
objectives not identified by either analysis of 
behaviors or logical analysis. Second, logical 
analysis does not identify the structural 
organization of knowledge which the instruc- 
tioa should produce. For example, logical 
analysis would not identify qualitative analysis 
- of physics problems as an objective of instruc- 
tioa, nor would it produce information about 
the optimal structural organization of 
mechanics knowledge for competent problem 
solving. 

Instructional strategies. The first approxima- 
tion of uOTuctionai objectives derives from the 
comparison of the cognitive states of unin- 
structed students and experts. Possible instruc- 
oonai strategies for the attainment of the 
objectives derive from comparisons of the cogni- 
tive states of uninstructed students, novices, 
and experts, and from examinations of the 
roechanics^reievant experiences of novices and 
experts. Having specified the differences in 
cognitive states and relevant experiences we can 
generate hypotheses for explaining the observed 
differences in cognitive states on the basis of dif- 
ferences in experiences. These hypotheses, in 
turn suggest possible instructional strategies, 
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Conimiiq hilum in Copthi fatti and Tfaif hkiti hitmtional Ofactivit andkatqiii 



Conn ailing Features in Cognitive 
Steles of Unimtrueifd Studinti jUl, 
Novices (N| ( and Eipirf! (E) 
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ities to contrast their meanings of concepts 






with thote of the 


CONCEPT DIFFERENTIATION 

U rid not differentiate mechanic conapti. 
Example; U ■ wsight and mm ere the 
sami Mm(i end f * ms end might ire 
perfectly correliled but distinct, 

i 


■ In analyzing l given physical iitmlion, 
itydenli can explain which of (wo poorly 
differemiated eoncapu I- the rtlavant 
concept to apply, 


Immivi dMo§ui: Provides students with 
opportunities !o virbaliia their analysis of 
physical situations In a wiy that simply sub> 
diluting 9 g for mass (ml nr 45 dynes for 
weight (Fj In in equation does not. We 
hypothesizes that the verbalisation will help 
dlflerintiili weight (a force! expressed in 
dynes from mass expressed In grim!. (Also 
see' strategy on Structural Features w 
Mm] 



\ 

PROPOSITIONS IN SCHEMATA 

U * pfiitnci m scrima of incorrect pro- 

Emmplf; m\M implies larci, 
N - presence In sihaffii of conflicting pro- 
posltloni. which are applied in different 
situations, 

Esampla; Motion implies force pro* 
position applied in the analysis of ml 
wQfld jiiiuationi. Change in motion 
implies fores proposition applied In the 
qutnilutivf rotation of phyiici problem!. 
I > propositions pn&nt In schema iff If* 
temally Consistent ind widely applicable. 
Example: Change of motion implies force 
proposition is jppiied in analyzing afl 
pertinent problems, 


Students apply things In motion implies 
force proposition in real world situations. 

Students contrast implications of (hi dif- 
ference In the two relationships between 
force and motion expressed by the proposi- 
tions 0! Motion implies force, and (2) 
Change In motion implies force. 


Immthntl dkim§ fo chmgt mtm 
of mKhtnki sham; Provides opportunity 
(of .students to 111 be implicit about the pro- 
positions they assume in Invoking (ha prr 
fence of forces In physical situation (For 
example, U generally Invokes forces only In 
situations whire there Is motion) ind (21 
make explicit the relationship between 
motion and force in the propositions they 
use. 


STRUCTURAL FEATURES 
Concept inteption of U ind N is spina, 
wjih fewer links among concepts than for 
iMimple: N * experjentially dewed 
Miuiign of ^bjiyu schema is not inte- 
grated,- or reconciled with Newtonian 
mechanics schema, 
Integration of representations in U and N if 
poor, phllg they an well integrated in t 
hmm H ■ representations of suffice 
feiiuiis of physical situations are poorly 
Miegfiled with abstract representations 
of physical situations; these, in turn, are 
poorly integrated with propositions 
which link canonical objects and physical 
constructs used in abstract represent! 
lions; E ■ representations of surface 
features of physical situation) are inie* 
grated lioih with absiract representations 
of physical situation! and with proposi- 
tions linking the canonical objects and 
constructs of abstract representations, 


Students qualitatively analyze mechanics 
problems; 

(!) Produce in abstract representation of a 
physical situation, 

(21 RaugniM that situations with very dif- 
ferent surface features can have the same 
abstract representation. (For an eaamplf, 

, see Appendix A when the situations of Q 
problems have the same abstract repre* 
sentatlon.l 

jij Recdfnin that the problems can be 
salved by the application of the same 
mi!(hanics principle. 


QuilHithml^i s( probitftii to dung? 
ttmtufll latum o/ mechanic* $chmn 
Forges links between the physical situation, 
its abstract representation using canonical 
objects and mechanics constructs, and the 
principles (Newton's second law, F ■ ma] 
which link properties of the canonical > 
objects and constructs, Also forge; links 
: between concepts (e g., between mm and 
might) to integrate them better, thereby 
contributing to concept differentiation. 

i 



TiWe 2 (continued on niMipigaj 



Table 2 {continued; 



PROBLEM SOLUTION STRATEGY 
U tolution fffalfgy: search fnr i ryis f hfii 
applies to the gfinen Miuaiion, 
Eiimpli; P'rebtem ol comparing ipttdi 
of two filling objfeti ewskgs the rule ■ 
Heavy objtfls iijl fistif than lighter 
objeets. 

N solution iifiifgy; search lor an tquition 
i solution strategy; pill Hive analysis 



Students engage in qualitiilive iniiysis 
ol physics problems before ittemptlng 
quantitative 



Ifttmtk tiktofn : Oemohflrifei thai the 
time abstract repretentitjons and diagramr 
derive from problemi with different surface 
features, Also demonstratei the usefulness 
of i gwnefif principle for solving a large 
number of problem! with different surface 
features. 

Qmiitiihi i/ij/}rj/f ofmhwapfobiinii' 
Provides practice In using the desired 
strategy, 
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The potential far effetEivenaf of alternative 
instructional strategi« is then evaluated is 
terms of relevant psychological theory, 

The availability of empiriaJ descrfpdons of 
differences between uninsmieted snidoiB and 
novices is particularly imperanr to the pfoees 
of selecting tnsmieoooal strategic Information 
about thee difference leads to die identifica- 
tion of instructional strategic which are effec- 
rive those which m not tffeetive or 

counterproductive* The observation that 
novice* cognitive eontens f^cmblt those of a* 
pem is an indication that "the didactic method 
of instruction is effective for imparting disoete 
bra of information. Howevs, the detailed 
analysis of pf obIem»soiving behaviors of novice 
suggests that their structural organization of in* 
formation requiting from exposure to didactic 
instruction Is IeJ than stisfactory, 

In the case of mechanics, this analysis alio 
reveals that the problem^solving strategy taught 
in physics textbooks is indeed demonstrated by 
novice, but* « we discussed earlier, this 
strategy does nat produce certain derired links 
in cognitive Sffueture, speeifiaily those between 
physical situations and mechanic concepts. 
This lack of structural integration is also 
evidenced by the fact that many novices con* 
tmue to apply non-Newtonian principles when 
asked to analyse real-world situations. 

The analysis of noviee^tperr differences is a 
useful source of possible alternative instruc- 
tional strategic For example, the proposed in- 
fluence of problem-solving and verbal interac- 
tion in the development of correct and weU- 
integfated cognitive muctures are derived 
directly from cognitive difference analysis. This 
interpretation of the difference is consistent 
whh cognitive theory and with educational 
practice and philosophy. The cognitive analysts 
provides an explicit causal link berween the 
Strategy and the outcome, thus making possi- 
ble more convincing empirical tmm of the effee- 
rivenra of the somtegy. Our assertion that 
engaging m qualitative analysis of mechanics 
problems wUI develop a betts integration of 
real-world situations and their abstract represen- 
mtion utHmng the concept and symbols of 
Ntwtonafi physfe — * is empirically tetable, 

Procedure/ Description of the 
Proposed Instruction 

Although the strategy of using dialogues in 
instruction has been specified in relation to the 



attainment of instructional objective (Table 
2), we have not yet draenbed how this strategy 
is implemented. Illustrative procedure which 
employ the strategy are outlined in this sec- 
don. In one mode of the dialogues strategy, 
students engage m interactive dialogues with 
&eh other. 

First the student^ are presented with a set of 
mechanics problems which require qualitative 
answers, A rypisi set of six such problems is 
_ shown at the right side of Appendix A, These 
problems are qualitative restatement of ^sro^ 
blems from five different physics teKboofcs. 
The physical situations or surface feature of 
these problems (in bod) the qualitative and 
quandtatiye_yefslpns} are very different, but all 
problems can "Be represented in the same 
abstract form (diagram or verbal description 
wing mechanics concepts) and can be solved 
using the same mechanic principle. Each stu- 
dent produce a solution to each of tne pro- 
blems and then shares with the class the pro- 
blem analysis, the solution of die problem* 
and definitions of technical terms used in the 
solution or the analysis, Thy procedure fores 
students to be explicit about the idlosynoatic 
meanings attributed to technical terms and the 
principles and propositions that they apply in 
the analysis of the problem, Each student can 
contrast his or her solution strategy for a pro- , 
blem with the strategics preeated by other 
students. 

When all of the problems in the set have 
been considered by the class, the teacher will 
present the physicists" analysis of the problem 
by mom of diagrams and verbal explanations 
using the technical vocabulary of mechanics. 
The expert analyst is based on the common 
deep structure of the six problems, as shown in 
Appendix A* The teacher will demonstrate 
that the abstract representation is the same for 
each of the problems and that the same princi- 
ple will produce a solution to all the problems 
in the set. Then students will analyze their 
solutions to the problems in light of the 
physicists* solution and will speeiift- how their 
interpretations differ from that of the 
physicists, 

"The teacher's presentation of the physicists" 
analysis and solution of qualitative problem! is 
in the mode of ail instructional dialogue, In 
order to «plain and illustrate this mode of the 
dialogues Strategy, we have analyzed physics 
problems from introductory tests in the man- 
ner shown in Appendix B. The general struc- 
ture of the analysis is simple. Initially the 
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textbook problem was rewritten as a. 
qualitauvc problem md subsidiary questions 
weft added askiag about the assumptions and 
physics principles used is obtaining the answer 
to the problem, Thea a reaiistk ffljnimtim 
»te m terms of relevant prior knowledge and 
experience was selected, and a strategy for 
working from that state to a successful solution 
was w^fked out. At this stage, when we do oot 
Ie^c die insights to be derived from data, h is 
assumed that other, more developed responses 
can be arrom rnodared by beginning at a later 
point in this sample strategy. 

The seategy has been outlined only. It in* 
dicaccf a series of logical steps. Within each 
step, the essesdaJ concept^s) to be developed 
and die purpose of the step in terms of the 
problem solution are indicated. In some eases 
a particular insirucxiooaJ methodology to be 
used for a step is shown, while m the reraaia- 
ing cases only instructional dialogue is aa- 
ricipated. For each the rationale for the pro* 
cedurc is described, referring to die techniques 
identified by Collins (1977) and Collins and - 
Stevens (2931) when appropriate. A strategy^ 
fcr handling a correct answer to die questions 
asked so as to develop a solution strategy for 
the problem is also given. 



Concluding Remarks 

In this article we have recounted how our in- 
terest in a particular inscrucxiooal problem in 

, introductory physics, students' difficulty in 
learning mechanics, provided the occasion for 
utilizing Simon's characterization of a science 
of design as a guide in proceeding to design an 
instructional strategy that can be used to help 

- students learn mechanics efiFectrvely. We have 
shown how the theory and empirical findings 
of cognitive science and the cognitive psychoU 
agist ! s analytical tools and procedures were 
brought to bear on every stage of the design 
process. We have sought to make explicit the 
particular principles of instructional design 
which bojh evolved and were applied in the 
course of the inquiry. We suspect that these in- 
structional design principles may be applied in 
various school subject-matter domains, though 
only their application m physics was illustrated 
here. 



The iastruedosaj strategy for guiding 
uoinstfucted physio srudeaes is their learning 
of Newtoniaa mechanics is now available, but 
our inquiry is aot at an end. We are now 
preparing to investigate empirically several 
issues which were raised during the process of 
designing the mstructioaal soaregy. the major 
hypothesis to be tested in our proposed 
research k that engaging uninstrucced physics 
studens in instructional dialogues focused on 
nic quaiirAtive analysis of mechaniri problems 
Fill gf oduce changes Lin_the studeas 9 modon- 
of-objeOT schemata, A further hypothesis is 
that, after completion of the specified insxruc- 
rioo, the student* cognitive stare wUl approx- 
imate significant features which are 
" characteristic of the cognitive state of a phyiies 
expert. 

We can admire the great psychologists of 
earlier days, such as Charles H. Judd, whom 
we quoted at the start of the paper, for their 
keen perspective o ;± students' learning of 
abstruse school subjects Uke physics, Judd's in- 
sight (or perhaps, intuition) seems so right and 
true that we cannot help being amazed. Also 
amazing is the realization that the situation 
which Judd described seven decades ago still 
rings mie for physics textbooks and physics 
learning today. Hardly anything seems to have 
changed in the interim. Why is this so? 

The main reason, we believe, is that, 
although Judd recognized, the problem, he 
could not prescribe an effective solution. 
Because he was unable to describe the problem 
precisely, Judd had no basis on which to 
evaluate the probability of the effecriveness of 
possible insmictioaal strategies. Today the 
status is different. Empirical and theoretical 
research in cognitive psychology make possible 
the construct ion of theoretical models, on 
which predictions can be based. The applica- 
tion of a model of understanding of physical 
phenomena leads to detailed specification of a 
strategy for beginning physics instruction 
which can be expected to produce desired 
changes m students. The difference between 
our present possibilities and those of Judd's 
day is demonstrated in this article. 
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Appendix A 

Six Physics Probiimi with Different Surface Ftaturei and the Same Deep Structure 



QUANTITATIVE VERSION 

1. Boy and Wagon Problem 

"A bof ^IwiilOlgTfW^'inTwiiw of mass IQfcgT'Tlw 
boy jumps off to the right with a speed of 20 m/se. What happens 
to the wagon? (Ignore friction.! 

iHuisifer I Lazarus, 1972, p. 187) 

2, Boy and Raft Problem 

A 10 kilogram boy Is standing on j §00 kilogram raft floating on 
a lake. Thi raft is at rest, It can move on the surface of the lake 
with negligible friction. Starting from rest, the boy begins to walk 
with constant speed 1 meter/sec (relative to ground) and con- 
tinues to walk for 20 siconds, How far does the raft move in 
this time? 

(Smith & Cooper, 1979, p. 1S2). 

3. Rifle and Bullet Problem 

A 3fl bullet is fired from a 2.4-kg rifle with a velocity oT31hm/j 
north. Find the momentum of the bullet and the recoil velocity 
of the rifle, assuming thai no other bodies are involved. 

(Smith It Cooper, 1979, p. 93) 

f 

4, Skaters P'obiem 

Two skaters are stationary in the center of a circular rink. They 
then push on .one another so that they fly apart. One of the 
skaters hat a mass of 90 kg and acquires an Initial velocity of 0.8 
m. sec. If the other skater has a mass of 75 kg, what is his initial' 
velocity? 

' (Atkins 1965. p. 119) 



QUALITATIVE VERSION 

A boy Is standing in a wagon. The boy Jumps off era and pf the 
wagon, Ignoring friction, describe the motion of the wagon. 
How does the velocity of the wagon compare with the velocity 
of the boy? 

i 

A boy Is standing on a floating raft on a like, The raft is at rest, It 
an move on the surface of the like with negligible frictjon. 
Standing from rest, the boy begins to walk with constant speed 
towards the shore, Describe the motion of the raft. How does the 
speed and direction of motion of the raft compare with the speed 
and direction of the boy? 



A bullet. Is fired from a rifle, Describe the motion of therjfie. 
How does the velocity of the rifle compare with the velocity of 
the bullet? 



Two sktors are stationary In the center of a circular rink, The 
skaters push on each other, Describe the motion of each skater. 
How do their velocities compare? 



Appendix A (continued! 



S. Cirti ind ^ 

Two heavy fr ictionless cant iff it reit. They ifi held together by 
i bop of string. A light spring it eompfifsid between them (see 
drawing). When the string is burned, the spring expands from 2.0 
cm to 3.0 cm, and the carts move apart. Both hit the bumpers 
fixed to (he table at the same Instant, 
but cart A moved 045 meter wiiile 
car! I moved 0,87 metef, What is the 
ratio of: 

(a) The speed of A to that of B 

after the iniifiction? 
(bj (heir masses? 

(Haber-Sdiiim ef al, 1976, p. 321! 



Two heavy frictlonless carts are it rest, They ire held together by 

come 





string is burned and the sp 
the carts, How does the velocity of cart A compare with the 
velocity of cart 8? 



iCompraisadSi 

Two objects of mass m A and mg are held together by a strong Two objects of mass m^ and /b j are 
light thread, and are also acted on by a light spring that Is com- light thread, and are iljo acted on by i light spring that it com* 

pressed as shown in the figure, When the restraining thread is pressed. When the restrai ning thread Is borken j the two objects 

fly apart with velocities ^ and 
+Kg, Use the law of conservation of 
momentum to solve for the ratio of 



broken, the two ol 
velocities -r» and f Vg, Use the law 
of conservation of momentum to solve 
for the ratio of the velociiiei, ^/vg. 









m A 


m 


Til lij 







(Miller, Dillon, I Smith, 1174, p. 112! 
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Appendix B 

Example of Proposed Instructional Dialogue — The Gun and Bullet Problem 
Origirxai Problem 

"1. A gun has i mass of 2.00 kg. It fires a bullet of mass 0,005 kg towards the fight with a speed of 
500 m/sec. How does the gun recoil? (Give its speed and direction of motion.)" 

(Hulsizer & Lazarus, 1972, p. 187) 

problem Restated m Quality ttv« Form 




When a gun U fired, tiie bullet leaves the gun with some ^eed, How does the bullet's speed at tfie 
mu^le of the gun compare wrth the gun's speed at that time? How does the direction of tile bullet's 
motion compare wftfi the direction of tfie gun's motion? 

Subsidiary questions^ U) What assumptions did you make to arrive at your answers? 

(ii) What principles of physics/laws of motion did you apply to the situation 
m coming to your answers? 

K no w ledge /sk ills assumed in following outlines of Instructional Dialogue strategies: 

1. "Physics^ knowledge: ft is assumed that nudeno Have completed a study of kinematics. 



2, General (or "world' 
step A1 below). 



IT IS 

knowledge: 



Awareness of meditval cannons, rifles, handguns (see 



Stratify A 



Outline of strategy to be used for responses to the qualitative problem of the form 
p# don*t know** of "gun doesn't move," 



Steps in the Strategy 



A1 (a). Given $Eaie drawings 
of a small pistol, rifle, small 
mortar, medieval cannon and 
shells/bullets fired by each, 
student is asked to match the 
guns and shell s/bu I lets- 



Purpose of Steps 



Commentary on Steps 



A! (a) and (b). To establish 
that, in the rial world, mass/ 
weight of gun > mass/weight 
of bullet or shell. 



Collins (1977) has proposed a 
series of production rules for 
this form of instructional dia* 
logue. Strategy A 1(a) is an 
example of Rule 1: Ask 
about a known case. In his 
subsequent reorganization of 
these rules (Collins & Stevens, 
1SS1), this is an example 
of Cast Selection Strategy 1 : 
Pick a positive exemplar for 
i set of factors, 



A 1(b), Ask student 
matchings were made. 



why 



A2. - Ask the student why 
the bullet/shell comes out of 
the gun when the gun is fired. 

A3. Show the student a 
drawing of a metal tube, 
dosed at or.c end and with a 
lighted fire cracker placed 
on it. 



Asked what will happen when 
the fire cracker goes off, 



To establish the role of ex- 
plosion in this phenomenon. 
If this notion is present, go 
to A4; if not, go to A3. 

To establish the effect of ax* 
plosion on the mass in the 
tube, i.e., the cracker. If this 
exercise does not establish 
the notion, move further to 
considering a medieval can- 
non where the explosive and 
propelled object are separate. 



Collins (1977) Rule 2: Ask 
for any factors. 1 

Collins (1977) Rule 2 (see 
above). 



Collins (1977) Rule 3: Ask 
for intermediate factors. Por 
some studimts this wUI also 
be a prompt to recat B rele- 
vant previous exp^rt^*ce. 
relevant existmg world knew- 
ledge. 
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Appendix B (continued) 



Steps in die Strategy 



Purpose of Steps 



Commentary on Stepi 



A4. Using wv@ labor- 
atory Volte ys s one containing 
i spring plunger (PSSC), end 
a number of brick*, - 

(a) have students exper- 
iment qualitatively with the 
effect of placing two carts 
with loaded spring between 
and refeesJog the spring, 
with varying masts on the 
cara, 

(b) have students exper- 
iment with one cart carrying 
various masses placed widt 
loaded spring against their 
hand and tfien released, 



To establish the separation of 
all masses involved in an ex- 
plosion; to establish that 
smaller mass pieces move 
more Quickly than larger mass 
pieces. 

To establish that a mass ex- 
ploded away from a "rigid" 
body results in a force on 
diat rigid body. 



Direct observation 



Direct observation 



AS* By drawing on Al- 
A4» assist the, student to 
establish (and, if appropnati, 
to link to relevant existing 
knowledge/experience) : 
(i) that in the case of the 
exploding earn ex* 
pending spring txem forces 
on the carts p Uu 1 i either 
end of the spring ind that 
these two forces are equal in 
magnitude* 

(it) that, in the case of the 
exploding carts, equal forces 
from the spring acting on 
carts of different mass result 
in different cart velocities 
after explosion, 
(iii) that, in the case of ex- 
ploding carts, when one cart 
has a mass considerably lar- 
ger than the other this situa- 
tion Is in some ways anal- 
ogous to a gun firing a 
bullet. (Of the limitations to 
the analogy, the most im- 
portant to be drJwn out 
here is that the relative mass 
differences for fun and 
bullet are much greater than 
for the carts,, 1 

ACL Return to qualitative 
problem. After successful 
solution of die problem as 
asked, use strategy 8 below if 
appropriate* 



To establish the generaliz- 
ations needed in order to be 
able to analyze and solve ffie 
original qualitative problem. 



This step is similar to Step A1 
(b) (see Footnote a) in that 
the production rules to be 
applied will vary from subject 
to subject, depending both on 
each individual's existing 
knowledge and beliefs, and 
on each individual's interpre- 
tations of steps Alt© A4* 
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ODGhTTIY! EESEAKffi AND tSTTkUCnQNAL DESIGN 
Appendix 8 (continued) 



Strmiagy 8 Outline of strategy to be used for responses to the qualitative problem of the farm "speed 
of bullet very much greater thin speed of gun and In opposite direction" fi,t, # correct answer to 
questions asked). 



Steps in the Strategy 



Purpose of Steps 



SI Ask student if they can 
be more precise about 
the relative values of the 
bullet and gun speeds* 



To establish mat the ratio 
of speeds is the inverse ratio 
of tiit weigh ts /masses in* 
volved. If this is not forth - 
coming, go to strategy A, 
beginning it A4, If some such 
statement is produced, go to 
B2. 



Commt ntary on Steps 



Galltns (1977) Rule 
for prior factors. 



4; Ask 



82 Repeat subsidiary ques- 
tions (i) and (ii) from the 
qualitative problem, 



To elicit a statement of 
Newton's Third Law and to 
have the student authorita- 
tively link this law to the 
gun /bullet phenomenon, 



See commentary on Step AS, 



Numbers of other rules (e^ # Rules 3-11} may be applied in the exploration of Individual re- 
sponses. For example, it may be necessary to ask "Could the cannon ball be fired from the 
pistol?" (Rule 6: Pick a counter example for an insufficient factor,} 

Previous experience suggests that a physical mark (e.g, f a chalk Line} needs to be made to indicate 
the position of carts before the explosion so that a reference is available fsr considering 
po st -ex plosion effects. 

If friction effects provide an interfering concept, move further by using an air track for explosions 
and then returning to trolleys. 
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